r We designed a study to test whether velocity of shortening in right-ventricular tissue preparations is greater than that of the left side under conditions mimicking those encountered by the heart in vivo.
Introduction
With a single exception (Kleiman & Houser, 1988) , one finding consistently obtains in the field of cardiac mechanics: compared with the left ventricle (LV), isolated cardiac preparations from the right ventricle (RV) possess a greater intrinsic velocity of shortening. This claim has been substantiated across species and across a wide range of isolated cardiac muscle preparations. These include papillary muscles and trabeculae as well as myocytes from the rat (Brooks et al. 1987; Harding et al. 1990; Han et al. 2013) , dog (Rouleau et al. 1986 ) and pig (McMahon et al. 1996) , but not feline myocytes (Kleiman & Houser, 1988) . This interventricular difference is sustained under increased chronotropy in addition to enhanced inotropy elicited by noradrenaline (Rouleau et al. 1986) or isoproterenol (McMahon et al. 1996) , as well as by an increase of extracellular calcium concentration (Rouleau et al. 1986 ). The mechanism underlying higher velocity of shortening is well attributed to a greater proportion of V 1 to V 3 myosin isozymes (Pagani & Julian, 1984; Brooks et al. 1987) .
However, none of the above studies was performed under physiological conditions (temperature and contraction frequency), combined with a shortening protocol that mimics ejection in vivo. In consequence, preparations were prevented from shortening at their intrinsic velocities. For example, experiments were performed either at subphysiological temperatures (Rouleau et al. 1986; Brooks et al. 1987; McMahon et al. 1996; Han et al. 2013) , or subphysiological frequencies (Rouleau et al. 1986; Brooks et al. 1987; Han et al. 2013) , or used either 'half-loop' isotonic contractions (Rouleau et al. 1986; Brooks et al. 1987) , or unloaded shortening of single myocytes (Harding et al. 1990; McMahon et al. 1996) . These various limitations present a difficulty in relating the behaviour of isolated cardiac preparations to the performance of the heart in vivo.
Since the ventricles are arranged in series, at any steady-state heart rate they must eject approximately the same stroke volume (as has been experimentally confirmed; Schulman et al. 1989; Kondo et al. 1991) . If we were to accept stroke volume as a proxy for extent of wall tissue shortening (Glower et al. 1985) , then we would expect ventricle-independent myocyte shortening. However, the extent of shortening of isolated, unloaded, RV myocytes has been reported to be both lower (Sathish et al. 2006 ) and higher (McMahon et al. 1996) than that of LV preparations. In the heart in vivo, the duration of systolic ejection is greater in the RV (Hirschfeld et al. 1975; Gutgesell et al. 1979) , reflecting its earlier onset and delayed offset vis-à-vis that of the LV (Braunwald et al. 1956; Boron & Boulpaep, 2009) . Given comparable stroke volumes, the greater systolic duration of the RV implies a lower mean velocity of contraction of wall fibres in the RV. This implication is at variance with the evidence, presented above, that isolated RV tissues display a greater shortening velocity than those from the LV. Such kinetic disparities reflect comparable uncertainties regarding energetic performance. For example, the mass-specific rate of oxygen consumption of canine RV tissue was found to be nearly 70% that of the LV despite its fourfold lower peak pressure development (Weiss et al. 1978) . In contrast, the mass-specific heat output of isolated LV trabeculae has been reported to be both higher than (Han et al. 2013) , and not different from , that of RV preparations.
We suspect that the above litany of inconsistencies and uncertainties may arise largely from the plethora of experimental temperatures, invariably subphysiological, and shortening protocols, mostly non-physiological, adopted by different laboratories. To that end, this study has two aims. The first is to extend previous isolated-preparation studies to test whether RV velocity of shortening is greater than that of the LV under conditions chosen to mimic those encountered in vivo. The second aim is to test whether the putative higher velocity of shortening in RV tissues differentially affects the energetic performance of isolated LV and RV tissue preparations. Testing of these two aims requires the use of two different contraction profiles -one with and one without active shortening. This requirement incidentally allows us to investigate the 'heat of shortening' , the actual existence of which remains contentious (Holroyd & Gibbs, 1992) .
Methods

Ethical approval
Experiments were conducted in accordance with protocols approved by the University of Auckland Animal Ethics Committee and conform to the principles and regulations of The Journal of Physiology (Grundy, 2015) .
Muscle preparation
Male Wistar rats (body mass: 250-350 g) were deeply anaesthetized with isoflurane, preceding cervical dislocation, thoracotomy and cardiectomy. The excised heart was Langendorff-perfused (at room temperature) with oxygenated Tyrode solution, which contained (in mmol L −1 ): 130 NaCl, 6 KCl, 1 MgCl 2 , 0.5 NaH 2 PO 4 , 0.3 CaCl 2 , 10 HEPES, 10 glucose, 20 2,3-butanedione monoxime, pH adjusted to 7.4 using Tris.
Trabeculae were dissected from the endocardial surfaces of both the left and right ventricles. A geometrically suitable trabecula was transferred in a syringe to the mounting chamber of a work-loop calorimeter (Taberner et al. 2011) , which had recently been improved for experiments at 37°C with a 10-fold increase in thermal resolution (10 nW) . In the measurement chamber, the trabecula was held between two platinum hooks connected to a custom-built force transducer at one end and a linear motor for length control at the other. The force produced by the trabecula was monitored by laser interferometry. The muscle was superfused with the same oxygenated Tyrode solution but in the absence of 2,3-butanedione monoxime and with [Ca 2+ ] o increased to 1.5 mmol L −1 . The superfusate flow rate through the measurement chamber was electronically maintained at 0.55 μL s −1 . The rate of muscle heat production was calculated from the flow rate-dependent temperature sensitivity and the difference in temperature measured between downstream and upstream thermopile arrays. A pair of platinum electrodes was placed upstream and downstream of the measurement chamber for stimulation of muscle contraction.
Experimental protocols
At its slack length and located within the measurement chamber, the trabecula was electrically stimulated to contract at 3 Hz. This lower frequency vis-à-vis the experimental frequency (5 Hz) allowed more accurate determination of muscle optimal length (L o ) as the diastolic period was longer. The trabecula was gradually stretched to L o to maximize its active force production. At L o , trabecula dimensions were estimated using a microscopic graticule, in two orthogonal views via a mirror located externally to the measurement chamber and at 45 deg to its axis. The entire calorimeter system was then optically isolated and thermally insulated in an enclosure to maintain temperature at 37°C. Stimulation frequency was then increased to 5 Hz.
Each trabecula was required to undergo two contraction protocols. In the first protocol, it was driven through force-length work-loop contractions at six different afterloads. The work-loop contractions, approximating the contraction pattern of the heart, allow the measurements of stress-length work output and physiologically relevant shortening-related parameters (i.e. the extent of shortening, the peak velocity of shortening and the average velocity over the full extent of shortening). Active afterloads (i.e. stress development in response to stimulation) ranged from approximately 0.95 peak isometric force to near zero (coincident with passive stress at L o ). This experimental design allows determination of mechanical work, change of enthalpy (heat plus work), and hence mechanical efficiency, as functions of afterload.
In the second protocol, the trabecula was required to undergo isometric contractions while muscle length was progressively reduced, in five steps, from L o to L min (the length at which developed force was near zero), using the length-control motor. When transitioning between different lengths, stimulation was halted and the trabecula remained quiescent, thereby providing baselines for zero force and zero active heat.
The heat resulting from the cyclic movement of the upstream hook (required to change muscle length to perform work-loop contraction) was quantified by oscillating the hook at a frequency of 5 Hz at maximal extent of shortening while the muscle was quiescent. The heat resulting from electrical stimulation at 5 Hz was quantified at the end of each experiment after removing the trabecula from the measurement chamber. It averaged less than 5% of muscle active heat at L o . The rate of muscle heat production by each trabecula was corrected retrospectively for these two sources of heat.
Definitions
Extent of shortening is the distance the muscle shortened during the isotonic phase at each afterloaded work loop (i.e. the width of the stress-length work loop), normalized to L o (%). Peak shortening velocity (s −1 ) was calculated as the maximal slope of the relative length-time trace during the isotonic phase, whereas the mean shortening velocity (s −1 ) was calculated as the ratio of shortening extent to duration of the isotonic phase. External work (kJ m −3 ) is the area of the work loop (calculated by integrating stress as a function of relative muscle length over the period of the twitch). Change of enthalpy (kJ m −3 ) is given by the sum of work and heat. Heat per twitch was calculated by dividing the steady-state rate of heat production by the stimulus frequency (5 Hz) and normalizing by muscle volume. Mechanical efficiency is the ratio of work output to change of enthalpy.
Trabecula geometry
In total, 12 LV trabeculae and 13 RV trabeculae were used. They were assumed to have elliptical cross sections (Goo et al. 2009 ), where their cross-sectional areas were calculated from measurements of major and minor diameters in two orthogonal planes. There were no statistically significant differences, using Student's unpaired t test, in trabecula dimensions between LV and RV in either cross-sectional area (0.058 ± 0.008 and 0.063 ± 0.006 mm 2 , respectively) or length (3.25 ± 0.15 and 2.93 ± 0.13 mm, respectively).
Statistics
Data were acquired using LabVIEW software (National Instruments, Austin, TX, USA) and analysed offline using J Physiol 595.20 a custom-written MATLAB (The MathWorks Inc., Natick, MA, USA) program. Data from individual trabeculae were fitted using polynomial regressions (up to third-order), and the regression lines were averaged within groups using the 'random coefficient model' within PROC MIXED of the SAS software package (SAS Institute Inc., Cary, NC, USA). Values were expressed as mean ± standard error of the mean (SEM). loops (Fig. 1C) . Note that under the isometric condition (a), work was zero but heat was maximal. Heat output decreased with diminishing afterload (Fig. 1D) .
Results
Work-loop contractions
Values of extent of shortening, peak and mean velocities of shortening from each work loop (Fig. 1) were plotted as functions of relative active stress and fitted using third-order polynomial regression ( Fig. 2A and C) . The averaged regression lines depicting extent of shortening (Fig. 2B) and velocities of shortening (Fig. 2D) were higher in RV compared with LV trabeculae.
External mechanical work, change of enthalpy (work plus heat) and mechanical efficiency (the ratio of work to change of enthalpy) were plotted as functions of relative afterload (Fig. 3 ). There were no differences in the averaged peak values or the relations of work, change of enthalpy and mechanical efficiency between LV and RV trabeculae. Note that the averaged peak of mechanical efficiency occurred at a relative afterload of 0.4-0.5 (Fig. 3F ).
Isometric contractions
In the isometric protocol, trabeculae were subjected to different preloads, in decreasing order of muscle length. Original raw records are shown in Fig. 4 , and the averaged data are plotted in Fig. 5 . Reduction of muscle length below L o resulted in a decrease of active stress production. There were no significant differences in either total or passive stress or heat output between the ventricles. Likewise, no differences were found in twitch duration, or rates of rise and fall of the twitch (±dS/dt) and the area under the twitch (stress-time integral) between the ventricles (Fig. 6) . Figure 7 shows steady-state twitch heat as a function of active stress arising from the two distinct contraction protocols: 'afterloaded work loop' and 'preshortened isometric' modes. The heat intercept of the isometric protocol provides an index of 'activation heat' . We estimated peak 'shortening heat' as the difference in heat intercepts between the work-loop (which contain a shortening phase) and isometric (non-shortening) protocols. Both indices of heat were found to be ventricle independent.
Discussion
Overview
Our study is the first to adopt a physiologically relevant shortening protocol to examine cardiac energetics at physiological temperature (37°C) and at the resting heart rate of the rat (5 Hz). The shortening protocol, from work-loop contractions, mimics the ejection phase of the cardiac cycle in vivo. This unique combination of shortening protocol ( Fig. 1 ) and physiological conditions permits us to extend previous observations (see Introduction) and to show that both peak and mean shortening velocities as functions of relative afterload are greater in right-ventricular preparations than in those from the left ventricle (Fig. 2D) . These results, in turn, allow us to determine whether any energetic advantage or disadvantage accrues to the right ventricle. Our novel findings arise from subjecting isolated trabeculae to a wide range of workloads. We reveal that the work-load dependencies of peak velocity of shortening and peak mechanical efficiency are non-coincident. Peak velocity of shortening occurs at the lowest afterload (Fig. 2) whereas peak mechanical efficiency occurs at a relative afterload of 0.4-0.5 (Fig. 3) . At this mid-range of afterloads, there are no interventricular differences in work output or change of enthalpy and, hence, no ventricle dependence of mechanical efficiency. From these results, we see that no energetic advantage is conferred on the right ventricle, in term of mechanical efficiency, as a consequence of its greater peak velocity of shortening.
In addition to work-loop contractions, we subjected trabeculae to bouts of isometric contractions during which no muscle shortening occurs. Isometric twitch amplitude, kinetics, and heat output, as functions of either muscle length or active stress (Fig. 4) , are also ventricle independent (Figs 5 and 6). At the shortest muscle length, where macroscopic force vanishes, the heat intercept of the isometric heat-stress relation quantifies the thermal cost of Ca 2+ -triggered activation of the contractile events (Gibbs et al. 1967; Han et al. 2010) . Using comparable techniques, Pham et al. (2017) have recently shown that activation heat is independent of muscle length. This previous result provides confidence that the difference in the heat-stress relations between the work-loop protocol (with active shortening) and the isometric protocol (without shortening) reveals heat of shortening in cardiac muscle. As seen in Fig. 7 , this source of heat is also ventricle independent. We conclude that the marginally greater extent of shortening by right-ventricular trabeculae shown in Fig. 2B is insufficient to generate detectably greater shortening heat, despite the 10 nW resolution of our microcalorimeter . Hence we see no energetic disadvantage conferred on the right ventricle, in terms of heat of shortening, as a consequence of its greater velocity of shortening.
Interventricular dependence of shortening velocity
The ventricle dependence of peak velocity of shortening (v max ) appears to be near universal and to be independent of temperature, heart rate and species. Our results showing a 30% greater peak v max in RV trabeculae of the rat at body temperature and physiological heart rate are in agreement with the approximately 30% greater v max in RV papillary muscles, trabeculae and myocytes from the rat, reported for lower temperatures and lower contraction frequencies (Brooks et al. 1987; Harding et al. 1990; Han et al. 2013 ). There are suggestions that the interventricular difference of v max may be species dependent, since a lesser difference (15%) has been reported in dog papillary muscles (Rouleau et al. 1986 ) and a greater difference (60%) in porcine myocytes (McMahon et al. 1996) . Nevertheless, across species except the cat (Kleiman & Houser, 1988) , the RV evinces a greater v max than the LV. That being the case, it is surprising that we detected no difference in either the rate of rise or the rate of decline of isometric stress at any muscle length (Fig. 6D) . We note that comparable results have been reported by Janssen et al. (2003) at 37.5°C and over a range of stimulus frequencies (0.5-10 Hz) using isolated rat trabeculae. It is also somewhat surprising that the presumed difference in rate of actomyosin ATP hydrolysis was without effect on the rate of heat production given that both groups of ventricular trabeculae were stimulated to contract at the same frequency.
Role of myosin isoenzymes
The mechanism of a greater v max is usually attributed to a difference of myosin V 1 /V 3 isozyme profile. In small species such as the rat, Brooks et al. (1987) found (1996) . a 40% higher V 1 /V 3 ratio in RV papillary muscles, which correlated with a 30% greater shortening velocity. However, this correlation seems to disappear in larger species such as the dog, where the V 1 /V 3 ratio is ventricle independent (Rouleau et al. 1986 ). This species-size dependence is consistent with the observation that, in larger species, V 1 myosin isozyme makes up only a very small proportion in either ventricle (Wisenbaugh et al. 1983; Rouleau et al. 1986 ). In the rat heart, by contrast, the myosin isozyme proportion comprises 75% V 1 , whereas in the human heart, it is at most 5% (Schwartz et al. 1984) . The striking difference in myosin isozyme proportions between the rat heart and the human heart provides a plausible justification for a 40% decrease of V 1 in the hypertrophic state in the rat but a negligible change of V 1 proportion in hypertrophic hearts of humans (Schwartz et al. 1984) and pigs (Wisenbaugh et al. 1983) .
In their comprehensive comparison of species (mice, rats, rabbits, guinea-pigs, dogs, pigs, ox and humans), Lompre et al. (1979) have shown that the V 3 form of myosin ATPase prevails in utero. In those species of larger body size, V 3 remains dominant throughout adulthood, but by 3 weeks post-partum, V 1 dominates in mice and rats. Subsequently, this same group of investigators (Mercadier et al. 1981) showed a progressive shift from V 1 to V 3 in spontaneously hypertensive rats, results that accord with those of Schwartz et al. (1984) . Clearly, the blood pressure-dependent profile of myosin isoenzymes is volatile in the rat. We infer that the higher V 1 /V 3 ratio in healthy RV tissues reflects the lower blood pressure of the pulmonary circulation vis-à-vis that of the systemic circulation -a neonatal condition that prevails in the absence of RV hypertrophy.
Paradoxical behaviour between the whole heart and its tissues
Given the approximately fourfold difference of peak systolic pressure between the left and right ventricles in any mammalian species in vivo, it may seem paradoxical that there was no difference of active stress development at any relative muscle length of trabeculae (Fig. 5B) . This absence of a difference in active stress at the tissue level occurs despite whatever differences in neural input or interventricular structures may prevail. Furthermore, the interventricular pressure difference is likewise consistent with the fourfold greater period of isovolumic contraction, as reported for the human heart in vivo (Braunwald et al. 1956 ). The latter behaviour is apparent in Fig. 1A where the work loop labelled b spends more time in the isometric phase than do any of the others.
The greater duration of systolic ejection of the right ventricle of human hearts (Braunwald et al. 1956; Hirschfeld et al. 1975; Gutgesell et al. 1979) , a well-attested fact that is routinely included in undergraduate text-books (see, for example, Boron & Boulpaep, 2009) arises from the earlier onset and delayed offset of RV contractions and is commonly attributed to the lower afterload seen by the right ventricle (as illustrated in Fig. 8A ). Stroke volume is the same between the ventricles (Schulman et al. 1989; Kondo et al. 1991) , but the duration of systolic ejection is greater in the RV, implying a lower mean velocity of shortening of wall fibres in the RV. In contrast, these whole-heart results do not prevail in isolated rat trabeculae, which show higher velocity of shortening in the right ventricle -whether indexed as mean peak velocity or mean average velocity of shortening (Fig. 2D) . We are unable to reconcile this paradoxical difference between volumetric whole-heart shortening and trabecula longitudinal shortening. Our results are, however, in accord with those from the human heart obtained using tissue Doppler imaging techniques (Greaves et al. 2004; van der Hulst et al. 2011) . These studies have revealed that the peak systolic velocity in the longitudinal fibre direction is 60-75% higher than that of the LV.
Summary
The well-documented higher contractile velocity during shortening by the right ventricle vis-à-vis the left ventricle in vivo is recapitulated in isolated trabeculae in vitro, thereby incidentally further legitimizing this isolated tissue preparation as a model of the whole heart in vivo. Nevertheless, we find it surprising and a source of fascination that, despite its radically different shape, wall fibre orientation, loading demands and kinetics of shortening, the right ventricle does not differ from the left ventricle in work performance, heat output, enthalpy or mechanical efficiency.
Appendix: Wide-ranging values of work reported in the literature
Work is a global variable. Hence, it is scale invariant. We would thus expect the force-length work performance by trabeculae, when suitably normalized for volume, to be comparable to that of the pressure-volume work of the heart. But, as revealed in Table A1 , an enormous range of values in the magnitude of work per twitch from single myocytes to whole-heart preparations have been reported in the literature. Our ventricle-independent value of 0.4 kJ m −3 (Fig. 3B ) falls in the lower range of values for both papillary muscles and trabeculae -possibly reflecting the inverse dependence of twitch force on both temperature and frequency of contraction in rat myocardium, coupled with adoption of a physiological value of Ca 2+ concentration (1.5 mmol L −1 ) in the plasma of the adult rat (Jones & Keep, 1988) .
J Physiol 595.20 Table A1 . Literature values of pressure-volume work by the heart and force-length work by its isolated tissues (papillary muscles and trabeculae) and single myocytes But of crucial importance to the message of the current investigation is that a single experimenter, using the same rats under the same experimental conditions in the same apparatus has demonstrated identical values of force-length work between the ventricles, thereby legitimizing interventricular comparisons of other metrics of ventricular mechano-energetics.
